Solar system formation models predict that the building blocks of planetesimals were mm-to cm-sized pebbles, aggregates of ices and non-volatile materials, consistent with the compact particles ejected by comet 67P/Churyumov-Gerasimenko (67P hereafter) and detected by GIADA (Grain Impact Analyzer and Dust Accumulator) on-board the Rosetta spacecraft. Planetesimals were formed by the gentle gravitational accretion of pebbles, so that they have an internal macroporosity of 40 per cent. We measure the average dust bulk density ρ D = 795 +840 −65 kg m −3 that, coupled to the nucleus bulk density, provides the average dust-toices mass ratio δ = 8.5. We find that the measured densities of the 67P pebbles are consistent with a mixture of (15 ± 6) per cent of ices, (5 ± 2) per cent of Fe-sulphides, (28 ± 5) per cent of silicates, and (52 ± 12) per cent of hydrocarbons, in average volume abundances. This composition matches both the solar and CI-chondritic chemical abundances, thus showing that GIADA has sampled the typical non-volatile composition of the pebbles that formed all planetesimals. The GIADA data do not constrain the abundance of amorphous silicates versus crystalline Mg, Fe-olivines and pyroxenes. We find that the pebbles have a microporosity of (52 ± 8) per cent (internal volume filling factor φ P = 0.48 ± 0.08), implying an average porosity for the 67P nucleus of (71 ± 8) per cent, lower than previously estimated.
2005; Johansen et al. 2007 ) will concentrate pebbles Wahlberg Jansson & Johansen 2014) into clouds that form planetesimals by gentle gravitational collapse. This is the most direct and simple way to overcome the so-called bouncing barrier , above which mutual collisions destroy the pebbles, thereby stopping any further growth by pebble sticking into forming embryonic planetesimals. Wahlberg Jansson & Johansen (2014) show that gas streaming instabilities can explain the Mass and cross-section χ measurements of compact particles detected by GIADA from 2014 August to 2016 April (diamonds and squares, the error bars refer to 1 − σ standard error of the 167 measurements). Squares: 22 detections of compact particles occurred at the beginning of the GIADA dust showers of fluffy particles. The data are compared with the trends of prolate and oblate ellipsoids of aspect ratio of ten (dotted lines) and five (dashed lines) and with dust bulk densities of Fe-sulphides, ρ 1 = 4600 kg m −3 (upper lines), and of hydrocarbons, ρ 3 = 1200 kg m −3 (lower lines). Particles located between the upper lines may have a larger content of e.g. magnetite, with a higher bulk density than Fe-sulphides; those between and below the lower lines have a high porosity. The GDS signal saturates at χ > 10 −6 m 2 . Particles with mass <10 −8 kg or χ < 2 × 10 −8 m 2 were too small and fast to be detected by GDS. The flux at masses > 2 × 10 −7 kg was very low during the entire mission due to the spacecraft safety constraints.
birth of planetesimals as small as comets. These models depend on the chemical and physical properties of the pebbles Wahlberg Jansson & Johansen 2014 ) that can be constrained by the properties of dust ejected from the 67P nucleus (Rotundi et al. 2015; Fulle et al. 2015 ). An important parameter constraining 67P origin is the pebble microporosity, which can be extracted from the GIADA dust data coupled to the average bulk density of the 67P nucleus (Pätzold et al. 2016) . The average porosity of the 67P nucleus is provided by the pebble microporosity, and by the planetesimal macroporosity of 40 per cent, according to models of random packing of spheres (Onoda & Liniger 1990; Song, Wang & Makse 2008) . Davidsson et al. (2016) have shown that most Rosetta data are inconsistent with a collision-driven origin of this Jupiter Family Comet (Farinella & Davies 1996) . According to Davidsson et al. (2016) , 67P is a primordial rubble pile of metre-sized buildingblocks, which has never experienced collisions at speeds larger than a few tens of m s −1 in the scattered disc, so that it cannot be a fragment of a much larger body (Davidsson et al. 2016) . The material of 67P has never been significantly heated either by collisions or by the decay of radionuclides (Davidsson et al. 2016 ), thanks to a probable late accretion (Wahlberg Jansson & Johansen 2014) . These evidences can be translated into a set of linear equations describing the internal structure of comets, with solutions (i.e. the mineralogy and porosity of the pebbles) that are all constrained by the Rosetta mission. To reach this goal, the 'missing tile' is provided by GIADA, which measures the dust bulk densities. These densities demonstrate that the 67P mineralogy is consistent with the elemental abundances of the pristine materials measured in our Solar system. In this paper, we define as 'pebbles' the building blocks of 67P, which may have a typical size ranging from some millimetres (Johansen et al. 2007 ) to some metres (Davidsson et al. 2016) .
G I A DA DATA
GIADA measures the speed, scattered light, and the momentum of individual dust particles by means of two subsystems ): a laser curtain plus photodiodes (GDS, grain detection system) and a plate connected to piezoelectric sensors (IS, impact sensor). Coupled GDS+IS detections provide the mass of the compact particles and, by calibrations performed on GIADA with cometary dust analogues (Ferrari et al. 2014) , their geometrical cross-section (Della Corte et al. 2015 Corte et al. , 2016 . The analogues (carbons, olivines, pyroxenes, and sulphides) were selected to represent the dominant constituents in primitive extraterrestrial materials. Their shape is often far from spheres (Ferrari et al. 2014) , and is here approximated by ellipsoids. Fig. 1 shows mass versus cross-section χ measured for compact particles detected from 2014 August to 2016 April. The lines enveloping most GIADA data ( k −1 ρ 3 χ 3 /π, both with aspect ratios of k = 5 and k = 10. Most bulk densities fall within these two extremes, and cannot be better constrained because they are convolved with the actual shape, composition, and microporosity of each particle. Five data points plotting at the upper-left in Fig. 1 are probably due to GDS spurious signals (Della Corte et al. 2016) . Assuming a sizeindependent dust bulk density in the pebbles, the data in Fig. 1 provide the weighted average dust bulk density ρ D = 795 +840 −65 kg m −3 , where the weights are the inverse of the bulk density error derived from each error pair in Fig. 1 . The assumed average shape is spherical, i.e. consistent with the symmetric oblate and prolate ellipsoids enveloping all the data. The standard deviation was computed taking into account the shape (assumed k ≤ 10), that is the main source of data dispersion in Fig. 1 .
The squares in Fig. 1 refer to compact particles that occurred at the beginning of the GDS-only dust showers (a second class of GIADA particles), which are the products of fragmentation, by the internal electrostatic tension, of fluffy dust aggregates (parents) charged by the secondary electron flux from Rosetta (Fulle et al. 2015) . The fragments are decelerated to speeds of a few cm s −1 by the Rosetta electric field, so that their kinetic energy is that observed by RPC/IES (Rosetta Plasma Consortium Ion Electron Sensor) in some electron bursts of 0.2-20 keV (Burch et al. 2015) . The predicted fractal dimension of the fragments is 1.87 (Fulle et al. 2015) , which implies a low volume filling factor in the dust observed in the showers, φ F < 10 −3 . Fluffy parent particles account for ≈15 per cent of the total non-volatile volume, but for <1 per cent of the total non-volatile mass (Fulle et al. 2015) . Most squares fall to the right in Fig. 1 , suggesting a compact seed embedded in a fluffy envelope, which lowers the average bulk density.
A M O D E L O F P L A N E T E S I M A L S
We assume that the 67P nucleus is representative of a primitive planetesimal, i.e. that its structure and composition is homogeneous from a depth of a metre downwards. This assumption is supported by the results of RSI (Radio Science Investigation), excluding inhomogeneities at scales larger than hundreds metres (Pätzold et al. 2016) , and of CONSERT (Comet Nucleus Sounding Experiment by Radio Transmission), excluding inhomogeneities at scales larger than ten metres (Kofman et al. 2015) . The erosion of many metres in the southern hemi-nucleus at perihelion, and the airfall of a significant fraction of this material on the northern hemi-nucleus (Keller et al. 2015) , allow us to assume that GIADA has sampled the typical nonvolatile component of 67P. Classical rubble piles fit this scenario: the model we propose is actually independent of the pebble size, which may range from millimetres, according to formation models of planetesimals based on a gentle gravitational accretion of pebbles due to gas flow instabilities (Youdin & Goodman 2005; Johansen et al. 2007 ), up to some metres in case of primordial rubble piles (Davidsson et al. 2016) . The results of this model allow us to further exclude a collision-driven origin of 67P, and to constrain the upper limit of collision speeds experienced by 67P.
About 10-μm-sized grains of Fe-sulphide and Mg-olivine were present among the particles collected at comet 81P/Wild 2 (Brownlee et al. 2006), and among non-chondritic cometary particles collected in the Earth's atmosphere (Zolensky & Thomas 1995; Rietmeijer et al. 2002) . The lack of Fe + 2 bands in the 67P IR spectra (Capaccioni et al. 2015) and the 81P/Wild 2 olivine and pyroxene compositions (Zolensky et al. 2008) both support the prominence of the pure Mg end-members. Olivine grains sized from 50 to 1100 μm are present in the primitive Murchison meteorite (Olson & Grosman 1978) . The average TOF-SIMS (time of flight secondary ion mass spectrometer) data for 67P aggregates are consistent with a mixture of olivine, pyroxene, and Fe-sulphide grains (Hilchenbach et al. 2016) . A seeming lack of sulphur is due to a limitation in TOF-SIMS analyses, which often use iron as a reference for Fe, Ni-sulphides, since quantitative sulphur measurements are difficult (Stephan et al. 2008) . Fe-sulphides are consistent with the 67P IR spectra (Capaccioni et al. 2015) . Fe-sulphide and Mg-olivine particles are predominant among the most primitive Solar system material. The 67P pebbles are assumed to be mixtures of: (1) Fe-sulphides of bulk density ρ 1 = 4600 kg m −3 and abundance c 1 ; (2) Mg, Feolivines and pyroxenes of bulk density ρ 2 = 3200 kg m −3 and abundance c 2 ; (3) hydrocarbons of bulk density ρ 3 = 1200 kg m −3 and abundance c 3 ; and (4) ices of bulk density ρ 4 = 917 kg m −3 (Davidsson et al. 2016 ) and abundance c 4 . The highest and lowest assumed bulk densities of the non-volatile component (Fe-sulphides and hydrocarbons) are consistent with the GIADA data (Fig. 1) . The dust-to-ices mass ratio δ, and the average bulk densities of the 67P nucleus ρ N = 533 kg m −3 (Pätzold et al. 2016 ) and of the dust ρ D are
(1)
where φ G = 0.6 (Onoda & Liniger 1990; Song et al. 2008 ) and φ P are the volume filling factors among the pebbles (related to macroporosity) and in the pebbles (related to microporosity), respectively. The high dust-to-ices ratio observed in 67P (Rotundi et al. 2015; Fulle et al. 2016) suggests that volatiles condense as thin compact layers of ice on the dust particles. We consider two possibilities:
(1) ices are compact, with a volume filling factor φ I = 1; and (2) ices are porous, φ I = φ P . In equation (3), the ices are replaced by voids after ice sublimation. Lower limits of δ have been provided by coma observations of the gas and dust loss rates from the sunlit nucleus surface: δ = 4 ± 2 on 2014 August-September (Rotundi et al. 2015 ); and 5 < δ < 100 on 2015 August-September (Fulle et al. 2016) , in pristine layers of the 67P nucleus exposed by the erosion of some metres during perihelion (Keller et al. 2015) . The values of δ and of the four volume abundances are fixed by equations (1)- (3), by the abundances normalization, and by a fifth equation fixing the c 2 /c 1 ratio. With ρ D = 795 kg m −3 , equation (3) provides δ = 8.5; the lower limit of ρ D = 730 kg m −3 provides δ = 4.5; the ρ D upper limit is inconsistent with the random packing of pebbles (Onoda & Liniger 1990; Song et al. 2008) even for δ > 100, and cannot be representative of the average non-volatile bulk density. Fig. 2 shows the volume abundances as functions of φ P . The abundances maintain a physical meaning only when all have positive values.
To constrain φ P , we consider the end-member cases of solar and CI-chondritic elemental abundances (Lodders 2003) in Fig. 2 . For solar abundances, we fix the H/O ratio at the same ratio observed in CI-chondrites, implying that 99.97 per cent of hydrogen remained in the proto-planetary gas phase. We first consider the fraction of H and O atoms needed to obtain the ice abundances c 4 provided by equation (2). Then we allocate half (Davidsson et al. 2016 ) of the remaining O atoms, all remaining H atoms, and all C and N atoms to hydrocarbons; the remaining O atoms and all Si, Na, Al, Ca, and Mg atoms are allocated to olivines and pyroxenes; and all Fe, Ni, and S atoms to Fe-sulphides. The silicates-to-sulphides ratio provides the c 2 /c 1 value. The results are independent of the actual content of CO and CO 2 in the ices, which is balanced by an exchange of C and H atoms between ices and hydrocarbons, to maintain the same c 4 value. In Fig. 2 , we have assumed that silicates in 67P are Mg, Feolivines and pyroxenes. The matrix of the chondritic porous (CP) interplanetary dust particles (IDPs) contains spherical objects of glass with embedded metal and sulphide grains (GEMS; Bradley 1994). The bulk density of GEMS grains remains unknown but it is most likely between 2400 and 2800 kg m −3 , matching most terrestrial glass densities. Some IDPs consist almost entirely of GEMS. Most of these IDPs are a mixture GEMS grains, Mg, Fe-silicates (olivine; pyroxene) and Fe(Ni)-sulphides, but GEMS tend to dominate in most CP IDPs (Rietmeijer 1998; Rietmeijer et al. 2002) . The GEMS matrix is an amorphous magnesiosilica glass with tiny metal and sulphide grains. More than 95 per cent of GEMS formed in the Solar system, the remainder coming from red giant branch or asymptotic giant branch stars or supernovae (Keller & Messenger 2011) or being interstellar dust (Rietmeijer 2009 ). The spherical GEMS grains range from 0.1 to ≈1 μm in diameter (Rietmeijer 1998) . When GEMS grains fuse together, they form larger amorphous silica grains (Rietmeijer 2011) . In addition, other IDPs are amorphous Mg-Fe-Si grains without tiny metal and sulphide grains but containing Al and Ca. They are 0.5-1 μm in size but when fused together they form amorphous Mg-Fe-Al-Ca-bearing silica grains that can be several microns in size (Rietmeijer 1998; Rietmeijer et al. 2002) . In the Stardust samples of comet 81P/Wild 2, the glass bulk compositions match a GEMS composition but there is little evidence for spherical grains. Only two single spherical amorphous grains with embedded metal and sulphide grains have been reported (Leroux & Jacob 2013; Rietmeijer 2015) , which could have been made during impact collection. To test the sensitivity of our model to the actual composition of 67P silicates in the dust aggregates sampled by GIADA, in Fig. 3 we solve equations (1)-(3) assuming ρ 2 = 2600 kg m −3 . We find that the only change into the solutions of equations (1)- (3) is a systematic shift of all the curves and data points of non-volatiles to slightly larger values of the volume filling factor φ P .
R E S U LT S A N D C O N C L U S I O N S
The results in Figs 2 and 3 fit the predictions from equations (1)-(3) and indicate that the particles detected by GIADA have no bias in composition. Even more important, they are consistent with the primitive chemical abundances in our Solar system. Since 67P is a primordial rubble pile which has not been altered by collisions and heating (Davidsson et al. 2016) , it follows that the Rosetta mission has really sampled the pebbles forming all planetesimals. The main difference between the two sets of abundances is a C-N-depletion in CI-chondrites versus solar abundances (Lodders 2003) . Some Antarctic micrometeorites (Dartois et al. 2013 ) and stratospheric interplanetary dust particles (Rietmeijer & McKinnon 1985) are richer in C than provided by the solar abundances in Figs 2 and 3. The curves in Figs 2 and 3 related to a dust-to-ices mass ratio δ = 8.5 provide c 1 = (5 ± 2) per cent, c 2 = (28 ± 5) per cent, c 3 = (52 ± 12) per cent, and c 4 = (15 ± 6) per cent. A third class of GIADA particles [the GDS-only single particles (Fulle et al. 2015) , which have a flux similar to GDS+IS ones] may be mostly composed of hydrocarbons, the most abundant in volume. Although most of 67P's volume is in the form of hydrocarbons, most of 67P's mass is in the form of sulphides and silicates. The average bulk density of . The fits in Figs 2 and 3 constrain the pebble volume filling factor to φ P = 0.48 ± 0.08, and the average porosity of the 67P nucleus (given by 1 − φ G φ P ) to (71 ± 8) per cent, i.e. lower than that inferred by RSI (Pätzold et al. 2016 ) and CONSERT (Kofman et al. 2015) , which were computed neglecting the actual content of light hydrocarbons. The pebble microporosity is larger than the 67P nucleus macroporosity (φ P = 0.48 versus φ G = 0.55 or φ G = 0.65 for random loose or close packing of spheres (Onoda & Liniger 1990; Song et al. 2008) , respectively). This implies both a negligible compaction of the pebbles by gravity after gentle bouncing collisions, and bouncing velocities <1 m s −1 ) during the gravitational accretion of planetesimals, thus preserving some pristine fractals (67P's fluffy particles) in the voids among the compacted pebbles. The average ratio φ F /φ P ≈ 10 −3 , and the volume fraction of ≈15 per cent of fluffy parent particles (Fulle et al. 2015) , imply that ≈0.015 per cent of the pristine fractals survived intact during the bouncing collisions compacting the pebbles. Both 67P's pebbles and fractals sample the primitive material which composed the proto-solar nebula.
